Abstract Background: Monosodium glutamate (MSG) is a flavor enhancer used in food industries. MSG is well documented to induce neurotoxicity. Curcumin (CUR) reportedly possesses beneficial effects against various neurotoxic insults. Hence, this present study has been designed to evaluate the neuroprotective effect of curcumin on MSG-induced neurotoxicity in rats. Methods: Thirty-two male Wister rats were divided into four groups (n=8): Control group, MSG group, CUR group and MSG + CUR group. CUR (Curcumin 150 mg/kg, orally) was given day after day for four weeks along with MSG (4 mg/kg, orally). After 4 weeks, rats were sacrificed and brain hippocampus was isolated immediately on ice. Inflammatory marker TNFα and acetylcholinesterase (AChE) activity (marker for cholinergic function) were estimated. Gene expressions of metabotropic glutamate receptor 5 (mGluR5) and N-methyl-D-aspartate receptor 2B (NMDA2B) along with glutamate concentration were assessed. Results: Treatment with CUR significantly attenuated AChE activity and TNFα in MSG-treated animals. The antiinflammatory properties of CUR may be responsible for this observed neuroprotective action. A possible role of CUR to attenuate both glutamate level and gene expression of NMDA2B and mGLUR5 in brain hippocampus was established when compared to MSG group. Conclusion: We concluded that CUR as flavor enhancer protects against MSG-induced neurotoxicity in rats.
Introduction
Monosodium Glutamate (MSG) is one of the world's most used flavor enhancer (food additive number E621). It increases the sapidity of food. It elicits a taste described in Japanese as umami, which is translated to ''savory'' [1] . The average daily intake of MSG per person in industrialized countries is 0.3-1.0 g but in many countries there are no limitations on the amount of it which is questioned due to its toxic effects. MSG is demonstrated as the Chinese restaurant syndrome that causes symptoms such as numbness, weakness, flushing, sweating, dizziness, and headache [2] .
Glutamate is abundant excitatory neurotransmitter in the brain and plays an important role in both physiological and pathological processes. Glutamate may act as a potent neurotoxin in excessive amounts through increasing the excitability and by activating the proteolytic enzymes [3] . Glutamate acts through ionotropic and metabotropic glutamate receptors. There are three families of ionotropic receptors: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and kainite receptors and three groups of metabotropic glutamate receptors (mGluRs) [4] . mGluRs participate in synaptic transmission and synaptic plasticity in the hippocampus [5] . mGluRs belong to the G-protein-coupled receptor (GPCR) superfamily and are sub-classified into three groups with eight subtypes based on sequence homology, G-protein coupling, and ligand selectivity. Group I mGluRs include mGluR1 and mGluR5, both of which are abundant in the adult hippocampus and cerebral cortex, which are critical regions in the brain for learning and memory processes [6] .
Otherwise, beside the vital role of hippocampus in memory formation, and regulation of behavior; it is involved in increasing levels of pro-inflammatory cytokines as TNF-α, which contributes to the brain damage and death of neurons [7] . Under physiological conditions, cytokines play an important role in neurogenesis, synaptic plasticity, long-term potentiation and memory formation and consolidation. On the other hand, the over-expression of these cytokines in the CNS is associated with behavioral and cognitive impairment in several pathological conditions. Anti-inflammatory management seems effective on cognitive deficit [8] . However, the molecular mechanisms of MSG-induced learning and memory impairments can alter the levels of some neurotransmitters and activity of neurotransmitter metabolism related enzymes, such as acetyl cholinesterase (AChE) and dopamine β-hydroxylase, in the brain [9] . AChE is associated with brain development, learning, memory and neuronal damage. AChE activation leads to a fast acetylcholine degradation and a subsequent down stimulation of ACh receptors causing undesirable effects on cognitive functions [10] .
Complementary medicine is widely used to provide favorable effects including reduction of toxicity, improvement of diseases-related symptoms and enhancing the immune system [11] . The problems associated with MSG intake make a desire to combine it with other compound to reduce its toxicity without affecting its flavor acceptability. Curcumin, the principal polyphenol of the spice turmeric (Curcuma longa), exhibits anti-inflammatory, antioxidant, antitumor, neuroprotective and antiamyloidogenic properties [12] . Because of the potential ability of curcumin to preserve cognition in the elderly, we aimed to assess the effect of curcumin on MSG neurotoxicity elicited by activation of mGLUR and NMDAs genes in rat hippocampus.
Materials and Methods
Monosodium glutamate (MSG) powder of purity ≥99% was purchased from Ajinomoto Co. Inc. (Japan). Curcumin powder (≥94% curcuminoid content, ≥80% curcumin) was purchased from Sigma Aldrich ((ID. C7727, MO.USA). All other chemicals used were of high analytical grade.
Animal treatment and experimental design
The study was performed in accordance with the guidelines for the care and use of laboratory animals approved by Research Ethical Committee (Faculty of pharmacy, Tanta University, Egypt). Thirty-two male Wistar rats weighing 120-150 g (12 week-old) were obtained from National Research Center (Cairo, Egypt) and maintained with a 12-h light/dark cycle at controlled temperature (22 ± 2ºC) and allowed free access to standard rat chow and tap water. Rats were divided into 4 groups according to treatment as the following:
Control (n= 8): Rats were received vehicle (0.7% carboxymethylcellulose; CMC) via orogastric gavage once day after day for four successive weeks.
CUR group (n=8): Each rat was received 150 mg/kg curcumin suspended in 0.7% CMC via orogastric gavage once day after day for four successive weeks.
MSG group (n=8): rats were received 4 mg/kg MSG dissolved in distilled water via orogastric gavage once day after day for four successive weeks.
MSG + CUR (n=8): rats were received same doses of MSG and CUR via orogastric gavage once day after day for four successive weeks.
At the end of the experimental period, rats were sacrificed via decapitation under light ether anesthesia. The entire hippocampus was removed and homogenized in ice-cold homogenizing buffer (1:4 w/v) (137 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1% NP40, 10% glycerol, 1 mM PMSF, 10 μg/mL aprotinin, 1 μg/mL leupetin, and 0.5 mM sodium vanadate). The homogenates of hippocampus were centrifuged at 14,000 × g for 25 min at 4°C [13] . Then, supernatants were separated and used for assay of TNF-α and acetylcholinesterase activity. The hippocampus of the other hemisphere was stored at -80°C and used for RT-PCR experiments and glutamate determination.
Determination of Acetylcholinesterase (AChE; EC 3.1.1.7.) activity in hippocampus Acetylcholinesterase (AChE) activity was assessed using the method of Ellman et al. [14] . 250 μL of brain homogenate with 25 μL 5, 5'-dithio-2-nitrobenzoic acid (0.82 mg/mL) followed by the addition of 25 μL of the enzyme substrate; acetylthiocholine (6.7 mg/mL). The change in absorbance/min during a 5 min interval was measured at 405 nm. Enzyme activity was calculated using the estimated extinction coefficient ε=14,150 M
. Enzyme activity was expressed in μmoles of acetylthiocholine hydrolyzed/ min/mg tissue.
Determination of tumor necrosis factor-α (TNF-α) in hippocampus
Level of TNF-α in brain homogenate was determined using ELISA kit (Glory science CO., LTD, China) by a microplate reader (Tecan, Infinite 200 PRO, Switzerland). TNF-α level (ng/L) was calculated according to standard curve as described by the manufacture. The detection limit of assays was 4 ng/L for TNF-α.
Determination glutamate neurotransmitter Level in hippocampus
Brain hippocampal tissue was homogenized in PBS (10mg to 100µL PBS). After that, homogenates were centrifuged for 15 min at 1500×g. Supernatants were collected immediately for glutamate measurement using rat glutamate ELISA kit (No: MBS047402, MyBioSource, Canada) by a microplate reader (Tecan, Infinite 200 PRO, Switzerland) at 450 nm. Glutamate levels were calculated using standard curve as described by the manufacturer. Limit of detection was 2.5 µmol/L up to 700 µmol/L.
Gene expression of mGLUT5 and NMDA2B in hippocampus by quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from brain hippocampus using TRIZOL® reagent (Ambion TM , life technologies, Canda). RNA concentration was determined by measuring absorbance at 260 nm using Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., USA). C DNA was prepared from 0.5 µg total RNA by reverse transcription using TIANScript RT Kit (Tiangen® Biotech, CO., LTD, China). The primers used for amplification of mGLUT5, NMDA2B and β-actin primers were as follows [15] : mGLUT5 forward, 5`-CACTCTTGCCCAACATCAC-3`and reverse, 5`-CACAGCGTACCAAACCTTC-3`; NMDA2B forward, 5`-GGATCTACCAGTCTAACATG-3`, 3`-GTCACCCTAGTGATTGATAG-5`; b-actin forward, 5`-AGCCATGTACGTAGCCATCC-3` and reverse, 5`-ACCCTCATAGATGGGCACAG-3`. Real-time PCR was done in an ICycler thermocycler (BioRad, Mississauga, ON, Canada) with SYBR Premix Ex Taq (Takara Bio, Shiga, Japan). The expression levels of the mGLUT5 and NMDA2B genes were normalized to the β-actin gene expression level.
Statistical Analysis
Data are represented as mean ± SD. Statistical analysis was performed using the SPSS v. 16 .0 software for Windows [16] . Groups variance were analyzed by one-way Analysis of Variation (ANOVA) and Fisher least significant difference test (LSD) was tested for significance. Differences were considered as significant at P<0.05. Figure 1 shows that the tissue level of glutamate was significantly increased during the MSG administration (525 ±41.6 µmol/L, P<0.01) when compared to control group. Otherwise, the level of glutamate was significantly decreased in presence of CUR supplementation in spite that it not returned to normal (465.1±19.9 µmol/L, P<0.01). Figure 2 illustrates that MSG group showed a significant elevation in AChE level (183.6±33.5 µmol/min/mg tissue, P<0.05) compared to control group. However, both CUR and MSG+CUR groups showed a significant decrease in AChE activity (137.4±28.67, 134.28±16.7, P<0.01), respectively compared to MSG group. Figure 3 shows that while MSG group had significantly elevated TNFα level (52.1±10.7ng/L, P<0.001) compared to control group; both CUR & MSG+ CUR groups showed a significant lower TNFα level (35±9.1, 39.3±9.7 ng/L, P<0.01, respectively) compared to MSG group, otherwise, MSG+CUR group represents a significant elevation in TNFα level when compared to control group. 
Results

Effect of CUR on hippocampus concentration of glutamate in MSG treated rats
Effect of CUR on hippocampus AChE activity in treated groups
Effect of CUR on hippocampus TNFα level in treated groups
Effect of CUR on hippocampus NMDA2B and mGLUR5 gene expression in treated groups
Discussion
Geha et al. [17] reported that MSG a flavor enhancer produces neuronal symptoms such as numbness, weakness, dizziness and headaches. Earlier studies reported that MSG alters mitochondrial lipid peroxidation and antioxidant status in cerebral hemispheres, cerebellum, brain stem and diencephalon and causes damage to hypothalamic neurons in rat brains [18, 19] .
Glutamate elicits synaptic responses via metabotropic mGLU and ionotropic NMDA receptors leading to increased cellular excitation and induce the release of Ca +2 from intracellular stores. On the other hand, activation of ionotropic receptors increases cellular permeability to Ca +2 [3] . In the present study, glutamate concentration was remarkably increased in MSG treated rats. The amino acid transporters present in neurons and glial cells are very important for the normal function of glutamatergic transmission and for the maintenance of extracellular glutamate levels below potentially excitotoxic concentrations [20] . The possible reasons for increased glutamate level in MSG treated rats is due to blockade of re-uptake of glutamate by glutamate transporter in the presynaptic neurons and decreased downstream enzymes such as glutamate decarboxylase for the inhibitory neurotransmitter gamma amino butyric acid synthesis [21] .
It was reported that there is association between increased glutamate neurotransmission and cognitive dysfunction. Previous studies report that MSG causes severe behavioral abnormalities such as increased irritability, hypoactivity, and deficits in spontaneous alternation behavior [22] . In agreement with the above reports, CUR may attenuate the extracellular glutamate concentration at safe physiological level which may be by a number of buffering mechanisms include uptake of glutamate by glial cells and its conversion by glutamine synthetase or glutamate decarboxylase to the nontoxic glutamine [23] .
However, glutamate excitotoxicity involves over-activation of NMDA2B and mGLUR5 receptors may lead to release of Ca +2 from the intracellular stores, which causes over activation of enzymes like protein kinases leading to the degradation of proteins and membranes, thus enhancing cellular damage [24] . Our results showed a marked decrease of both mGluR5 and NMDA2B receptor expression in rat hippocampus in MSG combined with CUR and CUR alone-exposed rats. The observed CUR-mediated inhibition of glutamate release results in down-regulation receptors expression of both mGluR5 and NMDA2B [25, 26] .
Acetyl choline as a neurotransmitter has important role in the CNS and is implicated in behavioral as well as learning and memory and neurodegenerative diseases. Our results showed that administration of MSG in rats increased AChE activity in the hippocampus. Considering these findings we speculate that increased AChE activity may lead to a reduction of cholinergic neurotransmission efficiency due to a decrease in acetyl choline level in the synaptic cleft, thus contributing to progressive cognitive impairment [27, 28] . In addition, Abu-Taweel et al. [28] showed that MSG caused oxidative stress by increasing lipid peroxides and reactive oxygen species (ROS), which could enhance AChE activity. Several studies indicate that curcumin possess antioxidant, anti-inflammatory and calcium antagonist activities along with memory enhancing effect [29] . In the present study, administration of CUR either alone or concomitant to MSG revealed that AChE activity was marginally recovered towards normal; suggesting its neuroprotective properties.
Consistently, our results show increased levels of TNF-α in hippocampus of MSG group. This confirmed neuro-inflammation by MSG. Activation of microglia in hippocampus results in releasing many neuro-inflammatory mediators such as TNF-α, IL-1β and NF-κB [8] . In addition, microglial activation can induce an inflammatory-oxidative cascade leading to cognitive deficit [30] . However, our findings indicate that CUR treatment significantly reduced the levels of this inflammatory factor. These results are similar to the observations of Cho et al. [31] who find a significant reduction of the inflammatory cytokines after treatment with CUR. In addition, other studies reported that CUR can suppress the expression of TNF-α induced by different stimuli [32] .
Conclusion
The ability of overcoming glutamate elevated level by administration of CUR could ameliorate the cognitive impairment of MSG through its maintaining effect on AChE level and reducing TNFα level suggesting that CUR can be used as a protective agent with MSG supplement, and thus we may consider its market application. Curcumin may offer also better neural cell protection, by its decreasing mGLUR5 & NMDA2B receptor expression which may be, in part; a prospective trial to overcome MSG induced toxicity. It also can be suggested as complementary supplement during MSG intake to ameliorate the flavor associated neurotoxicity and overcome expected other MSG toxicities in other organs.
